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Numerical Studies on the Composite Action and Buckling
Behavior of Built-Up Cold-Formed Steel Columns
Davide C. Fratamico1, Benjamin W. Schafer2

Abstract
An exploratory study is performed herein on the global, local, and distortional
buckling behavior of built-up cold-formed steel members constructed using
industry standard lipped channel sections. The stability characteristics of these
columns under concentric axial compressive loads offers insights on member
assembly (e.g. fastener spacing), and on the prediction of buckling loads (e.g.,
section rigidities) used in design formulations. Currently, built-up column
buckling is determined using a modified flexural slenderness ratio, which
reduces the buckling capacity in part due to a loss of shear rigidity in the overall
member’s interconnections. In this paper, a numerical study is performed to
analyze the level of composite action that can be achieved with idealized
standard details, and which can then be used subsequently to more accurately
predict the composite member strength. A parametric study using elastic
buckling analysis was conducted on a representative population of built-up
structural columns in ABAQUS. Member cross-sections, fastener spacing, and
fastener grouping at the column ends were varied. Notable outputs include
elastic buckling loads and column critical slenderness ratios. Buckling loads
from the study are compared to code-based equation predictions and show
considerable composite action, which can increase a column’s buckling load by
up to 85% from its non-composite lower bound, assuming discrete connections.
Future work includes experimental testing, nonlinear collapse simulations, and
the development of new design formulations.
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Introduction
Cold-formed steel (CFS) structural systems are increasingly used for low to
mid-rise residential and commercial construction, since their thin-walled
members have a high axial and bending capacity, while also being lightweight.
In many parts of a CFS structure, higher axial capacity or local frame rigidity is
required, often necessitating the use of built-up sections. A common built-up
section is a back-to-back lipped channel. The composite section is doubly
symmetric and offers an axial compression capacity more than twice the axial
capacity of the individual members. These built-up members are often used as
shear wall chord studs, as end studs on orthogonally intersecting walls, and as
headers and jambs.
Historically, built-up sections were popular in steel bridge trusses. In particular,
built-up hot-rolled steel members such as bridge posts and struts were widely
used in the earlier part of the last century. Whether of the laced or battened type,
these members’ capacities and deformation behaviors were extensively studied
by Engesser, Bleich, Timoshenko, and others. Work in this basic area continues
today. For example, analytical expressions have been developed based on
Bleich’s stability predictions, but for general boundary conditions and
incorporating a separation ratio when calculating the overall section’s moment
of inertia (Aslani and Goel 1991). Others have looked at the compound buckling
characteristics of laced and battened columns and developed a formula for
critical buckling loads to account for shear deformation in the built-up flange
components, geometric imperfections, and local-global buckling interactions
(Duan et al. 2002). Liu et al. (2009) experimentally validated the AISC-360
(2010) provision that the slenderness ratio of an individual element in a built-up
column should not exceed three-fourths the overall member slenderness ratio.
Today, in CFS construction, built-up members are used frequently; however,
design rules for these members are not comprehensive. Nevertheless, research is
progressing. Experimental studies on back-to-back CFS channel sections found
that the AISI-S100 (2012) modified slenderness ratio can be conservative for
certain sections and that shear slip resistance at the end connections is critical
for global column strength (Stone and LaBoube 2005). Young and Chen
conducted experiments on built-up CFS sections with intermediate stiffeners and
found that using the Direct Strength Method (DSM) for calculating the local and
distortional elastic buckling strengths using only single section properties
provided reliable and conservative estimates (2008). Other experimental tests on
conventional and innovative (roughly optimized) built-up CFS sections were
completed and compression capacities were compared to DSM-based equations
that were modified to accommodate global-distortional buckling interactions
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observed in tests (Georgieva et al. 2012). Loughlan and Yidris (2014) also
looked at compound buckling in experiments, specifically global-local buckling
interactions. Piyawat et al. (2011) explored nonlinear buckling of CFS built-up
sections experimentally and compared with ANSYS and ABAQUS numerical
results that overestimated inelastic buckling capacities observed in the tests.
Recently, Li et al. completed a joint experimental and numerical analysis of 2
types of built-up CFS sections made with lipped and web-stiffened channel
sections; one type had a back-to-back web configuration while the other
contained overlapping flanges which were connected by screws (2014). He
proposed an axial strength prediction that extends existing AISI-S100 (2012)
design provisions for global-flexural and distortional buckling, and offered
practical guidelines on estimating optimal built-up member fastener spacing.
Currently, CFS member design following AISI-S100 (2012) Section D1.2
requires the calculation of the axial capacity of these columns using a modified
slenderness ratio approach:
2
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where, (KL/r)o is the slenderness ratio of the overall (fully-composite) built-up
section about its minor axis of buckling, a is the intermediate fastener or spot
weld spacing along the longitudinal length, and ri is the minimum radius of
gyration of the full, unreduced cross-sectional area of each single section within
the built-up column. This expression provides an estimate of the critical axial
compressive load of built-up columns in minor-axis flexural buckling only. It
does not, however, offer any insight on the effect of fastener spacing on
torsional, flexural-torsional, distortional, or local buckling modes. In addition,
the equation does not allow for consideration of the end conditions. AISI-S100
section D1.2 prescribes the use of a special fastener grouping at the member
ends, the requirement is prescriptive and its impact on the modified slenderness
is not treated directly.
This paper presents an exploratory numerical study on the composite action of
built-up columns. In this paper, a parametric study is presented, which is rooted
in the finite strip method, as a basis for predicting non-composite lower bounds,
partially-composite bounds (consistent with details that only connect a portion
of the web), and fully-composite upper bounds (fully connected web surfaces
along the member length). The finite strip studies are performed using CUFSM
(Schafer and Ádàny 2006). These results are then compared to numerical results
from elastic buckling shell finite element models in ABAQUS where the details
of the fastener locations can be explicitly modeled (Simulia 2013).
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Where necessary, the following equations are used to estimate the fullycomposite (FC) condition for global buckling of a built-up column, with
notation similar to Trahair (1993):
For Pcre (minor-axis flexural):

Pcre,FC 

 2 EI y,FC
L2

I y,FC  2I y  2Ae2
For Pcre (pure torsional):


 2 ECw,FC  1
Pcre,FC   GJ FC 
 2
L2

 ro,FC
I I
2
2
2
ro,FC
 xo,FC
 yo,FC
 x,FC y,FC
AFC

(2)
(3)
(4)
(5)

where E is the Young’s modulus, G is the shear modulus, L is the column length,
Iy is the weak-axis moment of inertia of a single section, e is the distance from
the single section centroid to the centroid of the built-up section, A is the area of
a single section, and subscript “FC” refers to the fully composite section, this
may be determined for the back-to-back section by building a back-to-back
model in CUFSM and using twice the thickness in the web, and provides: Iy,FC,
JFC, Cw,FC, xo,FC, yo,FC, Ix,FC, and AFC. These composite buckling loads can be
used to generate global slenderness ratios, as well as post-process CUFSM and
ABAQUS results.
Parametric Studies
Modeling in CUFSM
Generally, there are two paths to designing built-up CFS members: conventional
built-up sections which use industry standard cross-sections that are
immediately available, or new optimized sections which employ unique
combinations of unconventional shapes for enhanced rigidity. To better
understand composite action at the most fundamental level, the former path is
chosen in these analyses. Specifically, the elastic buckling of built-up back-toback lipped channel sections are studied in detail.
Figure 1 depicts a typical back-to-back cross-section for the studies herein. Outto-out dimensions of the twelve selected stud cross-sections are summarized in
Table 1. In all cases, the member length was chosen to be 9 ft (2.74 m) and
isotropic CFS material parameters were chosen as: Young’s modulus (E) =
29443ksi (203 GPa), shear modulus (G) = 11324 ksi (78.1 GPa), and Poisson’s
ratio (ν) = 0.3.
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Figure 1. A typical built-up cross-section (with h, b, t, and d as the varied parameters)

Table 1. Stability-based geometric parameters varied in CUFSM (and ABAQUS) studies
Specimen ID
1
2
3
4
5
6
7
8
9
10
11
12

SFIA Section
362S162-33
362S162-54
362S162-97
362S200-33
362S200-54
362S200-97
600S162-33
600S162-54
600S162-97
600S200-33
600S200-54
600S200-97

h [in] (mm)

b [in] (mm)

d [in] (mm)

3.625 (92)

1.625 (41)

0.5 (13)

3.625 (92)

2.0 (51)

0.625 (16)

6.0 (154)

1.625 (41)

0.5 (13)

6.0 (154)

2.0 (51)

0.625 (16)

t [in] (mm)
0.0346 (0.879)
0.0566 (1.438)
0.1017 (2.583)
0.0346 (0.879)
0.0566 (1.438)
0.1017 (2.583)
0.0346 (0.879)
0.0566 (1.438)
0.1017 (2.583)
0.0346 (0.879)
0.0566 (1.438)
0.1017 (2.583)

*r(CL)= 2t

Simply-supported end boundary conditions (globally pinned) with warping free
ends were employed. The cross-section was discretized into strip elements as
follows: 8 elements per web and 4 elements per corner, flange, and lip. A unit
reference load was applied to the section and distributed evenly to the end
sections. The web interconnections in CUFSM were modeled depending on the
level of composite action studied. For the partially-composite condition, two
single sections were modeled back-to-back with no construction thicknesses
modeled between the webs in contact, and a nodal constraint was applied at the
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fastener locations (shown in Figure 1) at two points in the cross-section. Both
adjacent nodes in the webs are constrained using a master-slave approach which
ties their 3 translational degrees of freedom, but leaves their rotational degrees
of freedom unrestrained. For the fully-composite condition, the webs are merged
into one web, with a thickness twice that of a single web.
Signature elastic buckling curves are generated in CUFSM (Schafer and Ádány
2006). The typically observed buckling modes are provided in Table 2 and a
typical signature elastic buckling curve is provided in Figure 2. The built-up
fully-composite curve’s higher position provides the expected increase in axial
elastic buckling load for these fully-composite sections. Also in this curve, a
secondary local buckling minimum is observed. In the fully-composite section
the increase in web rigidity can be significant enough to create potentially two
unique local buckling modes: one primarily in the flange, and the more typical
mode primarily in the web. With this exception, the fundamental shape of all
three curves is similar. The local, distortional, and global buckling modes occur
at similar half-wavelengths, and the buckling mode shapes are not radically
influenced by the presence of connection along the built-up column’s length.

Figure 2. Signature curve elastic buckling analysis in CUFSM for the 362S200-54 section
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Table 2. Example of CUFSM buckling modes for the 362S200-54 section

Buckling Mode

Single Member

Built-Up Member

Global
(Flexural and/or
Torsional)

Distortional

Local

The non-composite and partially-composite local buckling half-wavelengths for
the member in Figure 2 nearly coincide; this occurs for all other built-up
specimens as well. However, in the finite strip method the fasteners are smeared
uniformly along the length, in reality one must consider the fastener spacing and
how that spacing compares with the local and distortional buckling halfwavelengths. Among other research on this subject, Post (2012) showed that
fastener spacing must be less than the half-wavelength of interest for a given
buckling mode to influence the stability results. If the spacing is greater than the
half-wavelength, then the presence of fasteners contributes little to no increase
in local and distortional buckling capacity, and the non-composite estimate of
buckling capacity should be used.
In some cases (typically with the 600S162 sections studied here), indistinct
minima for local or distortional buckling loads are observed. To eliminate
ambiguity, the constrained finite strip method (cFSM) was used to decompose
the contribution of each buckling mode along the entire signature curve, and
locate the point within the zone of the suspected minimum which corresponds to
the highest contribution of the desired buckling mode (Li and Schafer 2010a).
This is an alternative to the approach detailed in Li and Schafer (2010b).
Modeling in ABAQUS
ABAQUS shell finite element models allow discrete fastener locations to be
modeled, something that cannot be done in the CUFSM modeling. Single and
built-up member geometries and material properties were imported into
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ABAQUS for an extended parametric study and comparison to elastic buckling
results using the Finite Strip Method. The S9R5: 9-node quadratic, isoparametric
shell finite element with reduced integration was selected (Schafer et al. 2010).
Figure 3 provides a typical mesh and additional modeling details.

Figure 3. Example FEM mesh with springs in ABAQUS for the 600S162-54 built-up section

Linear elastic springs (Spring2 in ABAQUS) with an artificially high
translational stiffness (100 kip/in [175 kN/mm]) in the global X, Y, and Z
directions were used to model the discrete, self-drilling screw connections
commonly used in built-up CFS members. The artificially high stiffness was
chosen to ensure that the springs would not deform as the column buckles; the
fastener deformation behavior will be included in future studies. Fastener
spacing was varied, primarily motivated by provisions in AISI-S100-12 Section
D1.2. Three fastener spacings were selected based on flexural buckling
considerations and represent feasible spacings used in construction (“a” in
Equations 1 and 6): a = L/4, L/6, or L/8. These spacings are also below the
maximum spacing limit specified (AISI-S100 2012):

a 1  KL 
(6)
  
ri 2  r o
For all three a, the end conditions designated in Section D1.2 are also included.
Section D1.2 requires that the ends must be connected by fasteners spaced
longitudinally no more than 4 diameters apart and for a distance of 1.5 times the
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maximum width of the member (AISI-S100 2012). In addition, there was also a
trial for the a = L/6 fastener spacing without the special end fastener detail.
Buckling analyses were conducted on a total of 48 built-up compression
members in ABAQUS and compared with the non-composite, partiallycomposite, and fully-composite bounds calculated using CUFSM for the same
section geometries and cross-sectional properties. To obtain matching eigenbuckling modes in ABAQUS; however, sometimes up to 3000 eigenvalues had
to be requested from the software. In all cases, a Lanczos solver was used to
accurately capture all buckling modes. The reference load for the ABAQUS
models was the same 1 kip (4.45 kN) used in the CUFSM models, but now
turned into equivalent end point loads (as opposed to edge tractions in the
CUFSM models). Other modeling considerations are as follows: steel selfweight was not included (eliminating body forces from the formulation) and
web-to-web surface contact was also ignored.
Numerical Analyses
Finite Strip Analysis (CUFSM) Results
The CUFSM elastic buckling results are summarized in Figure 4 for the 12
studied specimens (Table 1) across the three conditions: non-composite,
partially-composite, and fully-composite. The partially-composite condition
(two tie/fasteners a distance of h/6 from the flanges) is effective in providing
nearly the fully-composite solution in minor-axis flexural buckling, is partially
effective in providing the composite solution for global torsional buckling, but
has little to no effect on local and distortional buckling. The degree to which
composite action is effective is a function of the member geometry and
particularly the member thickness. For example, the studied detail is less
effective for establishing composite action in global torsional buckling as the
member becomes thicker.
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Figure 4. Elastic buckling results from CUFSM for varying levels of composite action

ABAQUS-CUFSM Results Comparison
Elastic buckling analysis with discrete connections along the columns’
longitudinal length (L) was completed using ABAQUS. Fastener spacing, a, at
L/4, L/6, L/8 and with and without the special end condition fasteners prescribed
by AISI-S100 (2012) Section D1.2 were studied. The following normalized
buckling load parameter, Y, was used to consider the degree of composite action
that has been achieved:
P P
(7)
Y  cre cre,NC
Pcre,FC  Pcre,NC
where Pcre is the result from an analysis and Pcr,NC and Pcr,FC are the noncomposite and fully-composite limits, respectively. Obtaining the buckling
results from the built-up specimens in ABAQUS can be time consuming.
Generally, global modes were easily attainable from the outputted eigen-modes,
but at least two sub-modes for local and distortional modes were always present:
a periodic (standard), and a symmetric (localized at the member ends or
symmetric about a plane through the column’s mid-height). Since both submodes usually occurred at similar eigenvalues (buckling loads) only the periodic
case was considered.
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Figure 5. Degree of composite action, compared across CUFSM, ABAQUS, and AISI estimates

The minor-axis flexural buckling results for the study are provided in Figure 5
for the specimens of Table 1. Overall the degree of composite action realized in
the ABAQUS studies varies from 60 to 85%. Fastener spacing has a modest
impact on the degree of composite action across the studied spacing (1 to 2%),
and the end detail has a slightly larger impact (6 to 10%). The use of two
fasteners h/6 from the flanges provides approximately 80% composite action for
minor-axis flexure in the studied sections.
Assuming the ABAQUS models with discrete fastener spacing and end details
as accurate, one may then compare the CUFSM and AISI expressions as
potential prediction methods. Statistics are provided in Table 3 to aid in this
comparison. The CUFSM models with a smeared fastener nearly identically
follow the trends of the ABAQUS models (see Figure 5 and low standard
deviation in Table 3) but with a bias that is a function of the fastener spacing and
end condition. The modified slenderness expression used in the AISI prediction
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reasonably follows the observed trends in the data (see Figure 5 and higher
standard deviation in Table 3), and works best for the prescribed situation of
a=L/6 with the end fastener conditions in place. Specimen 10, a 600S200-33 is
consistently lower than the AISI prediction; likely due to observed globaldistortional interaction in the elastic buckling mode.
Table 3. Statistical Summary of Flexural Buckling Composite Action Results
Spacing (a)
L/4*
L/8*
L/6*
L/6
Mean (μ)
1.1188
1.0724
1.0887
1.1956
YCUFSM
YABAQUS
St.Dev. (σ)
0.0205
0.0085
0.0120
0.0305
Mean (μ)
0.9055
1.0670
1.0279
1.1289
YAISI
YABAQUS
St.Dev. (σ)
0.0523
0.0539
0.0518
0.0649
* includes fastener groups at column ends

In all cases minor-axis flexural buckling controlled over torsional/torsionalflexural buckling. However the torsional buckling results were compared. For
the partially-composite case the CUFSM smeared fastener results give
essentially the same answer as the ABAQUS discrete fastener results: mean
YCUFSM/YABAQUS is 1.03 with a standard deviation of 0.02. The actual degree of
composite action varies from approximately 90% in the thinnest 33 mil sections,
down to 57% in the thicker 97 mil sections.

Figure 6. Estimate of composite action for local and distortional buckling modes

Comparison of the ABAQUS discrete fastener models with the CUFSM models
is provided in Figure 6. For local buckling essentially no composite action is
observed. Localized buckling modes in the ABAQUS models may be as much
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as 3% lower than standard predictions, but otherwise the fasteners have no
appreciable impact on the response. For distortional buckling, a very modest
composite action may be engaged with the studied details, but it is less than 4%.
For members with stockier flanges distortional modes as much as 4% less than
the non-composite solution are also observed. Visual identification is
complicated in these cases and the observed distortional modes that are lower
than the non-composite solution include interaction with other modes. In general,
for the studied members, the impact on distortional buckling is negligible.
Discussion
For the small study conducted herein, simplified CUFSM models were shown to
be a reliable predictor of the actual composite action, if a small bias is accounted
for. This is promising for the development of generalized methods that account
for discretely fastened specimens. However, slip in the fasteners was not
allowed – more realistic modeling may require additional improvements to the
CUFSM models to account for discrete fasteners with finite (and potentially
relatively low) stiffness.
The results on fastener spacing suggest that a wider range of spacing may be
practical and have only a modest impact on realized loads. However, this is a
hypothesis that needs to be studied further. Li et al. (2014) suggested that 23.6 in
(600mm) be the largest spacing for columns of the type considered herein; the a
= L/4 results provided herein violate this criteria but still provide reliable results
for elastic buckling. The modified slenderness ratio currently used in AISI-S100
(2012) appears to be at its most accurate for a=L/6 and with the special end
detailing in place.

Figure 7. Comparison of elastic buckling results from CUFSM for box and I-sections
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Supplementary Study on Toe-to-toe Built-up Sections
A supplementary CUFSM study was completed using toe-to-toe built-up
sections for the same channel section specimens. The lips of both channel
sections were joined at mid-depth on the flat portion of each lip with continuous
constraints along the length. Figure 7 provides the output from this study. The
flexural buckling and distortional buckling are markedly increased for the
resulting “box” when compared to the back-to-back “I” section. The degree of
flexural buckling composite action, Y, is on average 90%, much higher than for
the back-to-back sections. Note, for the 362S200 series specimens, major-axis
flexural buckling loads are slightly less than the minor axis flexural buckling
loads, so the controlling mode may switch in this case.
Future Work
Significant future work remains, including experimental studies, further elastic
buckling studies on different composite cross-sections, nonlinear collapse
analyses, improvement with the finite strip method, and development of
improved design provisions for built-up cold-formed steel members.

Conclusions
Considering elastic buckling analyses, built-up members are shown to have a
higher capacity in global buckling due to the effects of composite action. This
manuscript outlines an explorative elastic buckling numerical study completed
in CUFSM and ABAQUS with multiple built-up back-to-back sections with
varying levels of interconnection along the length. The finite strip method
(CUFSM) using discrete, but smeared along the length, connections was shown
to provide a reliable upper bound solution with only a modest bias. Current AISI
predictions for flexural buckling, employing a modified slenderness, agree well
particularly for the specification prescribed spacing and end detailing.
Significant future work remains.
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